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Summary. The pharmacokinetics of mitomycin (MMC) 
was studied in Wistar rats. Up to five half-lives, the plasma 
concentration-time curve was biphasic. The AUC changed 
linearly with increasing doses between 0.5 and 7.5 mg/kg, 
which corresponds to 0.2 and 3 times the LDs0 value in 
rats. Most of the drug was metabolized, and only 1%-2% 
and 10%-15% of the dose was eliminated unchanged by 
biliary and urinary excretion, respectively. The AUC of 
MMC at the LDs0 is slightly less than that reported for the 
human MTD. Inoculation of MMC together with 5-fluoro- 
uracil and doxorubicin did not change the terminal half- 
life of MMC but decreased the total body clearance and 
the volume of distribution. The lack of significant influ- 
ence of phenobarbital and 3-methylcholanthrene pretreat- 
ment on the terminal elimination half-life suggests that 
microsomal drug-metabolizing enzymes inducible by these 
compounds do not play a decisive role in the in vivo bio- 
transformation of MMC. 

Introduction 

Mitomycin C (MMC) is clinically the most widely used re- 
presentative of the bioreductive alkylating agents [3, 6]. At 
the time of its introduction into the clinic, only bacterio- 
logical assays were available to measure its concentration 
in the blood and tissues [8, 19]. However, these were not 
sensitive enough to carry out studies on individual, small 
laboratory animals. Using the more sensitive high-pres- 
sure liquid chromatographic (HPLC) methods, the phar- 
macokinetics of MMC have been described in humans 
[5, 18, 23], rabbits [2], dogs [18], and recently in rats [1]. 
Since many biochemical, pharmacological, and toxicologi- 
cal studies are carried out on rats, we did a detailed study 
of the pharmacokinetic behavior of MMC in this species. 
An additional aim of the present study was to measure the 
elimination of the drug following pretreatment with en- 
zyme inducers as well as during combined inoculation of 
MMC, doxorubicin (DX), and 5-fluorouracil (5-FU). Fi- 
nally, an abbreviated toxicity experiment was carried out 
to investigate whether enzyme inducers might increase the 
lethality of MMC in mice. 
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Materials and methods 

Adult male Wistar rats were used throughout the pharma- 
cokinetic study. Their average weight was 273.5+8.4g. 
The rats were maintained on a normal laboratory diet and 
were not fasted before the experiment. Under urethan 
anesthesia (1.25 mg/kg), polyethylene cannula were insert- 
ed into the common carotid artery and the external jugular 
vein. The former cannula was used for blood collection, 
and the drugs were introduced through the  latter by slow 
bolus injection (30-45 s). Body temperature was main- 
tained between 36°-38° C using a heated plate regulated 
by a thermocouple inserted into the rectum. 

MMC was dissolved in physiological saline and adjust- 
ed to pH 6.8 with 0.01 M sodium phosphate to give a final 
concentration of 1 mg/ml.  A more concentrated solution 
of 2 mg/ml was injected only at doses above 2.5 mg/kg. 
The linearity of pharmacokinetics was studied with MMC 
doses of 0.5, 1.5, 2.5, 3.75, 5.0, and 7.5 mg/kg. Urinary, bil- 
liary, and fecal excretion has been studied at the LDs0 dose 
in Wistar rats, 2.5 mg/kg [17], which has been confirmed 
to be the LDs0 dose in this animal species in a preceding 
pilot study (Verweij et al., unpublished data). The FAM 
protocol applied in this study corresponded to the sche- 
dule used in man [11]: 600 mg /m 2 5-FU, 3 0 m g / m  2 DX, 
and 10 mg /m 2 MMC injected consecutively. The rat doses 
were 100mg/kg 5-FU, 5 m g / k g  DX, and 1.7mg/kg 
MMC. MMC was always given as the last drug. The total 
fluid load was 2-2.5 ml. 

Blood samples (0.2 ml) were taken before and 2, 5, 10, 
20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 min after 
drug inoculation. The blood was not replaced with blood 
or saline. Some rats died before the end of the experiment. 
Only those animals were considered evaluable in which 
samples were available from at least 2-60  min after inocu- 
lation. Bile was sampled in four rats through a cannula in- 
serted into the common bile duct at 60-min intervals up to 
4 h. Bile samples were digested for 1 h at 37 ° C with [~-glu- 
curonidase. For urine and feces collection, four rats inject- 
ed through the tail vein were placed individually into 
stainless steel metabolism cages. Samples were collected at 
0, 8, 24, and 48 h. 

The blood samples were immediately mixed with 
0.8 ml saline and kept on ice. After centrifuging, plasma 
was stored at - 2 5  ° C. MMC is stable for at least 3 weeks 
under such storage conditions [7]. The HPLC method de- 
veloped by den Hartigh et al. [4] was used to measure the 



concentration of MMC in the plasma, urine, bile, and 
feces. The extraction of MMC was done with a 50% mix- 
ture of chloroform-2-propanol. The chromatographic sys- 
tem consisted of a C18-kt Bondapack RP column. Metha- 
nol-phosphate buffer (3: 7, w/v, pH 6) was used as the elu- 
ent. Detection was carried out at 365 nm, porfiromycin 
served as the internal standard, and the detection limit was 
1 ng/ml. 

Microsomal drug-metabolizing enzymes were induced 
by daily i.p. injections of 100 mg/kg phenobarbital (PHB) 
for 4 days and by a single i.p. inoculation of 40 mg/kg 
3-methylcholanthrene (3-MC) dissolved in peanut oil. The 
pharmacokinetic and biochemical measurements were car- 
ried out 24 h after the last injection of the inducers. For the 
biochemical control of enzyme induction, the livers were 
homogenized in a Sorvall omni-mixer in 0.05 M potassium 
phosphate buffer, centrifuged at 12,000 g for 20 rain. The 
supernatant was further centrifuged at 100,000 g for 60 
rain. The microsomal pellet was resuspended in 0.1 M po- 
tassium phosphate buffer (pH 7.4) containing 0.1 mM 
EDTA and 25% (w/v) glycerol. Aminopyrine N-demeth- 
ylase and benzo(a)pyrene hydroxylase activities and cyto- 
chrome P-450 and P-448 contents were measured by the 
methods of Nash [13], Nebert and Gelboin [14], and 
Omura and Sato [15], respectively. 

Pharmacokinetic and statistical analysis. By visual inspec- 
tion the plasma concentration-time curve was divided into 
two parts. The points of the terminal elimination phase 
were fitted by least-square linear regression analysis after 
logarithmic transformation of the data. The area under the 
curve (AUC) was calculated by the trapezoidal rule. It was 
extended to infinity, with the addition of the area calculat- 
ed by dividing the last measured concentration with the 
terminal rate constant. The total body clearance (TBC) 
was then given by the equation TBC = dose/AUC, from 
which the volume of distribution in the terminal phase was 
computed: V B = dose/AUC x [~. 

The data were also analyzed by fitting the function y(t) 
= Ae-~t+ Be -[~t. The values and the error of the parame- 
ters were estimated with weighted nonlinear regression on 
a PDP-11/23 computer using the BMD × 85 program. The 
values of the parameters were taken as significantly differ- 
ent from 0 if the error of estimates by the analysis of vari- 
ance (F-test) was less than 40%-50%, depending on the 
number of points. In this case, the parameters were calcu- 
lated from the formula AUC = A/~  + B/[3; the mean res- 
idence time, 

A / a  2 + B/~ 2 
t =  

A/t~ + B/[~" 

The following equations were used to calculate the appar- 
ent volumes of distribution at the terminal phase, V~ = 
dose/AUC x [~, and at steady state, Vss = TBC x t. 

The data were expressed as the mean _+ standard error 
of the mean (SEM). The significance of difference between 
independent samples was calculated by the Mann-Whitney 
U-test [20]. 

Toxicity o f  M M C  in mice. Two groups of 12 (C 57 black/ 
Rij × CBA/Rij) F-male hybrid mice each, with and with- 
out PHB pretreatment (60 mg/kg i.p. for 3 consecutive 
days), were injected once i.p. with 4, 5.6, 7.8, and 10.9 mg/  
kg MMC. Three mice in each group were treated with each 
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dose, and their survival was followed for 34 days. For 
these experiments PHB was selected because of its wide 
use for enzyme induction in clinical practice. 

Resu l t s  

The plasma elimination of MMC was biphasic in all cases; 
no third phase became apparent until 2 h postinoculation, 
as shown on typical plasma concentration curves obtained 
following the inoculation of the LDs0 dose to nontreated 
animals (Fig. 1). The distribution phase lasted 10-20 rain. 
Unfortunately, the estimated error of A and alpha, based 
on the measurements taken at 2, 5, and 10 min, was more 
than 50% in about half of all the experiments using the 
nonlinear regression program. On the other hand, the ter- 
minal portion of the curves could be always fitted accu- 
rately even if points were available only for 60 min follow- 
ing MMC inoculation. Thus, out of 17 experiments carried 
out with different doses of MMC on nontreated control 
rats (Table 1), the entire curve could be fitted with the re- 
quired accuracy only in seven cases. The computer-calcu- 
lated pharmacokinetic parameters of these animals are 
summarized in Table 2. Because of the aformentioned dif- 
ficulties, the pharmacokinetics results used to compare the 
variously treated groups were calculated by the conven- 
tional method, which gave results very close to those esti- 
mated by the computer (Table 3). The AUC and the dose 
were related linearly with a correlation coefficient of 0.862 
(P <0.001) (Fig. 2). Only 1.20_+0.32% of the dose was eli- 
minated in the bile; more than 98% of this amount was al- 
ready excreted by 1 h postinoculation. The hepatic clear- 
ance was 0.15_+0.025 ml/min, which is around 1% of the 
TBC. In the urine, 12.87+3.52% of the dose was found. 
About 98% of the total MMC was voided by 8 h posttreat- 
ment. Since blood and urine levels were not measured in 
the same animals, the renal clearance was approximated 
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Fig. l. Plasma concentration-time curve of five rats treated with 
2.5 mg/kg MMC given i.v. The data of individual rats are repre- 
sented by the symbols ©, Q, D, n,  and A. The terminal part of 
the curve between 20 and 120 rain was fitted by linear regression 
analysis considering jointly all 43 points. The correlation coeffi- 
cient was 0.887 (P < 0.001) 
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Fig. 2. Plot of the AUC vs dose. The equation of the linear regres- 
sion line was y = -4.21_+ 19.84 with a correlation coefficient of 
0.862 (P < 0.001) 

us ing  the m e a n  values  o f  d i f ferent  rats. This  gave  a f igure 
o f  1.89 m l / m i n ,  which  amoun t s  to abou t  10% of  the  TBC.  

Pre t rea tment  e i ther  wi th  P H B  or  3 - M C  d id  no t  change  
the  e l imina t ion  half- l i fe  (t,/2[~) o f  M M C  (Table  3). Regard -  
ing the TBC,  a m a r k e d  d i f fe rence  was obse rved  be tween  
the  inducers .  Whereas  af ter  P H B  t r ea tmen t  the T B C  re- 
m a i n e d  prac t ica l ly  unchanged ,  a s igni f icant  decrease  oc- 
cur red  af ter  3 - M C  inocula t ion .  S imi la r  da ta  resul ted w h e n  
M M C  was c o m b i n e d  with  5 - F U  and  DX.  The tv2[~ d id  no t  
change,  whereas  the T B C  decreased  s ignif icant ly.  The  vol-  
u m e  of  d is t r ibu t ion  o f  M M C  decreased  para l le l  wi th  the 
T B C ;  however ,  the d i f fe rences  only  a p p r o a c h e d  the level  

Table 1. Terminal half-life (t 1/2 [~), volume of distribution (V~), 
and total body clearance (TBC) in nontreated rats 

Dose of MMC tl/2 VB TBC 
(mg/kg) (min) (1/kg) (ml/min) 

0.5 28.1 3.43 19.28 
0.5 35.1 5.24 27.17 
0.5 23.8 2.50 19.05 

1.5 15.3 0.93 13.86 
1.5 20.8 0.96 9.90 

2.5 10.9 0.68 16.03 
2.5 19.4 1.16 16.03 
2.5 26.1 3.13 23.13 
2.5 19.4 1.83 17.79 
2.5 17.9 3.42 26.51 

3.75 19.5 1.50 15.90 
3.75 19.9 0.87 10.67 

5.0 24.8 4.24 29.29 
5.0 20.4 2.0 19.65 
5.0 28.1 3.15 15.98 

7.5 18.6 1.08 15.83 
7.5 19.3 1.37 16.62 

o f  s ignif icance.  The  b iochemica l  measu remen t s  ind ica ted  
the  accep ted  enzyme  act ivi ty  changes  fo l lowing  induc t ion .  
Inc reased  c y t o c h r o m e  P-450 con ten t  and  a m i n o p y r e n e  
N-demethy lase  ac t iv i ty  were  m e a s u r e d  af ter  P H B  treat-  
ment .  F o l l o w i n g  3 - M C  inocu la t ion ,  c y t o c h r o m e  P-448 ap- 
pea red  and  benzo(a )py rene  hydroxy la se  act ivi ty  inc reased  

Table 2. Pharmacokinetic parameters of MMC 

Volumes of distribution (1/kg) 

t i/2 o~ t 1/2 [~ TBC at terminal at steady Mean residence 
(min) (min) (ml/min) phase (VB) state (Vss) time (min) 

2.06 + 0.32 25.69 + 2.5 18.89 + 2.27 2.68 + 0.53 2.09 ± 0.35 26.93 _+ 2.48 

Data represent the mean _+ SEM of seven rats treated with MMC alone over a dose range of 0.5-7.5 mg/kg. Only those curves were 
accepted for calculation in which the alpha and beta elimination phases could be described by nonlinear weighted regression analysis 
with an error of estimation < 50% 

Table 3. Terminal half-life (tl/2 ~), volume of distribution (V~), and total body clearance (TBC) of MMC in variously treated rats 

Treatment + MMC dose No. of tl/2 [3 VB TBC 
rats (rain) (1/kg) (ml/min) 

Control 17 21.60+ 1.40 a 2.21 +0.33 18.33 + 1.32 
0.5-7.5 mg/kg 

Phenobarbital pretreatment b 4 19.30 _+ 1.43 1.76 + 0.26 15.36 --+ 0.56 
2.5 mg/kg P >0.1 c P >0.1 P >0.1 

3-Methylcholanthrene pretreatment 6 20.06 + 0.89 1.21 _+ 0.14 8.52 + 0.70 
2,5 mg/kg P >0.1 P >0.1 P=O.O02 

FAM combination 5 21.17 + 1.61 1.23 + 0.09 11.54 _ 0.88 
1.7 mg/kg P >0.1 P=0.1 P=O.02 

a The values are expressed as the mean ___ SEM 
b In two additional rats the terminal half-life was the same, but their data were not included because blood sampling was started at 
10 rain 
c Significance levels are given for a two-tailed test as compared to control 
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T a b l e  4. The effect of phenobarbital and 3-methylcholanthrene 
treatment on cytochrome content and microsomal enzyme activ- 
ities of the rat liver 

Control 3-Methyl- Pheno- 
cholanthrene barbital 

Cytochrome P-448 - 0.11 - 

- 0 . 1 6  - 

P - 4 5 0  0.14 - 0.22 
0.13 - 0.23 

(nmol/mg protein) 

Aminopyrene 3.7 3.8 7.8 
N-Demethylase 4.6 4.1 8.5 

Benzo(a)pyrene 0.13 0.74 0.14 
Hydroxylase 0.23 1.01 0.18 
(nmol/min per milligram protein) 

at least five times (Table 4). Finally, PHB pretreatment did 
not increase the lethality of MMC in the dose range stud- 
ied. Out of 12 mice treated, 7 and 9 animals survived in the 
control and pretreated groups, respectively. 

D i s c u s s i o n  

For the accurate description of the pharmacokinetic be- 
havior of a drug, the plasma concentration must be deter- 
mined at numerous time points for at least 5 - 6  half-lives 
in the same animal. Using the highly sensitive assay devel- 
oped for MMC by den Hartigh et al. [4], a total of 
2.8-3.0 ml blood had to be collected from the rats. Blood 
could be easily drawn from the carotid artery even at the 
late time points. The blood was not replaced, since this 
would have disturbed the equilibrium existing between the 
tissues and the central compartment during the elimina- 
tion phase. 

For both ethical and practical reasons the animals had 
to be anesthetized for the duration of the experiment. In a 
pilot study, pentobarbital and urethan anesthesia were 
compared. Although the MMC elimination curves were 
similar, the second anesthetic agent was selected for the 
following reasons: (1) pentobarbital is inactivated by the 
microsomal enzymes - consequently, pretreatment with in- 
ducers would have made the anesthesia unpredictable; 
(2) urethan as given ensured longer sleeping periods than 
pentobarbital at the tolerated dosage. The length of 
anesthesia and urethan tolerance showed great individual 
variations. Many animals woke up between 1.5-2.5 h after 
urethan injection, i.e., 60-120 min following MMC inocu- 
lation. In such cases, half of the original urethan dose had 
to be repeated. Unfortunately, the second drug application 
was poorly tolerated and about 30%-40% of the animals, 
randomly from all groups, expired before the planned ter- 
mination of the study. The other animals had to be bled to 
death after the last time point. Moreover, in some random- 
ly selected rats, infrequent blood and/or  bile collection 
could be followed for up to 4 h without any difficulties. 
The slope of the terminal elimination phase was not 
changed by repeated urethan applications. 

The curves obtained in different animals were compa- 
rable with variations in the range observed in human stud- 
ies (Table 1). The plasma concentration-time curve had 
two phases. No evidence of a third phase was obtained un- 
til the end of the period of 5 x t,/2[L It is important to point 

out that the form of the curves was similar to that drawn 
by Schwartz and Philips [19] from points measured up to 
60 min in different nonanesthetized animals with a bacteri- 
ological assay. The tv2[~ was approximately 25 min, i.e., ap- 
proximately two times faster than in humans [2, 5, 18, 23]. 
The shape of the plasma concentration-time curves did not 
change over a dose range from 0.5 to 7.5 mg/kg, corre- 
sponding to 0.2 and 3 times the LDs0 value. The AUC 
changed linearly with increasing doses, whereas the half- 
lives and TBC did not (Table 1). Practically identical re- 
sults have recently been obtained by Boike et al. [1]. These 
results, together with those of human studies [5, 18], defin- 
itively refute the dose-dependent nature of MMC elimina- 
tion proposed originally [8]. 

The AUC measured in rats after the inoculation of the 
LDs0 was 40.5 + 7.9 p~g. min/ml,  which is only slightly less 
than that obtained in humans, given the usual therapeutic 
dose of 10 mg /m 2 [5, 24]. The difference may be due to the 
approximately 5-fold larger volume of distribution in rats 
compared with the published human distribution data. 

The biliary elimination of MMC accounts only for 
1%-2% of the dose. Although the biliary concentration is 
much higher than that of the plasma, the amount excreted 
into the gut is too small to give a well-defined peak, even if 
extensive enterohepatic recirculation took place. Digestion 
with [~-glucuronidase did not yield additional MMC, prov- 
ing the absence of MMC glucuronidation. Finally, MMC 
was not found in the feces with the present HPLC or with 
the bacteriological method [19]. Also, the two methods 
gave identical results for renal elimination, which accounts 
for 10%-20% of the dose. Most of the excretion occurred 
during the first hours postinoculation. Renal and biliary 
elimination of MMC together account only for about 20% 
of the dose in both humans and rats; the remaining 80% is 
metabolized. However, no metabolites were detected by 
the method used. 

Recently some controversy arose concerning changes 
in the pharmacokinetics of MMC given in combination 
chemotherapy. While den Hartigh et al. [5] found that TBC 
of MMC used in combination became larger due to the de- 
crease of the t,/2~, this phenomenon could not be corrobo- 
rated by van Hazel et al. [23]. Using the rat model, no dif- 
ference in half-life was found, but the TBC decreased sig- 
nificantly with a concomitant reduction of the V B. 3-MC 
pretreatment had exactly the same effect. The reason for 
these observations is still to be elucidated. 

The lack of any significant alteration of the TIA~ fol- 
lowing 3-MC and PHB pretreatment as well as after pento- 
barbital anesthesia suggests that microsomal drug-metabo- 
lizing enzymes inducible by these two compounds do not 
play a decisive role in the reductive activation of MMC in 
vivo. The plasma concentration-time curve of a compound 
reflects the sum of many processes occurring simulta- 
neously in the body, such as metabolism, excretion, and 
drug movement between compartments. Therefore, only 
major changes occurring in those processes, which deter- 
mine quantitatively the fate of the drug in the body, will 
cause pharmacokinetically demonstrable alterations. Con- 
sequently, our results do not rule out the participation of 
these enzymes in MMC metabolism; they only prove that 
changes, if present at all, were smaller than the interindi- 
vidual variations between rats. This means that they would 
not have been revealed even in much larger groups of ani- 
mals. Furthermore, the lack of increased toxicity of MMC 
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after phenobarbi ta l  t reatment  in mice proves that  neither 
o f  these enzymes are involved,  at least to a significant ex- 
tent, in the product ion  of  act ivated metaboli tes  of  MMC.  
Our  conclusion was not  entirely unexpected,  al though 
there is ample  evidence proving the par t ic ipat ion  of  the 
microsomal  electron t ranspor t  system in the reduct ion of  
M M C  to electrophil ic  derivatives under  anaerobic  condi-  
t ions in vitro [8-10,  16, 19, 21]. It should be noted that sev- 
eral addi t ional  enzymes present  in bacter ial  and  mammal -  
ian cell lysates, e.g. f lavoenzymes,  can also catalyze the re- 
ductive activation of  M M C  [12]. It seems that the activa- 
t ion of  M M C  is a relatively nonspecif ic  process that can- 
not  be significantly modula ted  by PHB, the enzyme indu- 
cer convent ional ly  used in clinical practice. 
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